This paper presents a comparison of different techniques to capture nominal data for its use in later verification and kinematic parameter identification procedures for articulated arm coordinate measuring machines (AACMM). By using four different probing systems (passive spherical probe, active spherical probe, self-centering passive probe and self-centering active probe) the accuracy and repeatability of captured points has been evaluated by comparing these points to nominal points materialized by a ball-bar gauge distributed in several positions of the measurement volume. Then, by comparing these systems it is possible to characterize the influence of the force over the final results for each of the gauge and probing system configurations. The results with each of the systems studied show the advantages and original accuracy obtained by active probes, and thus their suitability in verification (active probes) and kinematic parameter identification (self-centering active probes) procedures.
Introduction
Due to the increased utilization of AACMMs in the automotive, aerospace, railroad and energy industries, faster and more reliable calibration and kinematic parameter identification procedures are constantly sought [1] [2] [3] . A key aspect in this kind of procedures is the process of capturing data [4] [5] [6] [7] [8] [9] [10] [11] . This data will be compared to nominal distance and position data obtained from a gauge or some other measurement instrument which functions as a gauge, thus allowing to define an error objective function to be minimized by means of a mathematical optimization procedure [7, [12] [13] [14] [15] [16] [17] .
Once the parameters have been identified, the best attainable accuracy in this type of equipment will greatly depend on the type and number of positions captured by the AACMM or robot arm [18, 19] and, ultimately, on the extent to which the number of influences on the capture of points can be minimized. Because the AACMM is a manuallyoperated instrument, the results obtained in its verification tests are subject to influences from the operator, mainly materialized through different probing forces during the data capture process. These external probing forces cause deformations to the gauge or to the probe [20, 21] which can result in the loss of accuracy in the verification procedure or during the process of capturing data for parameter identification.
In this work we present a comparison of the accuracy and repeatability obtained by four different probing systems (passive spherical probe, active spherical probe, self-centering passive probe and self-centering active probe), considering that passive probes are the ones that are dependent only on operators manual capture while active ones are able to automatically recognize the contact with the measuring object. In addition, the influence of the probing force over the self-centering passive probe measurements is analyzed through its components in each of the axis-directions of the sixth reference system of the measurement arm, showing the advantages of the self-centering active probe in both calibration and kinematic parameter identification procedures.
Methodology
In order to capture the data a ball bar gauge was used to materialize nominal points and distances in the workspace of an AACMM. The ASME B89.4.22-2004 standard [22] , the only existing standard in the field of AACMM verification, establishes verification procedures based solely on the capture of points through passive and active spherical tip probes. In this case, the influence of the probing force over the behavior of the articulated arm has been analyzed, obtaining the measurement error from the same physical points of the ball bar gauge through four different probing systems: passive spherical probe, active spherical probe, self-centering passive probe based on inverse kinematic coupling [7] and self-centering active probe based on parallel kinematics [23] (Fig. 1) . In Fig. 1 , the photos in the first row show the passive spherical probe (left) and active spherical probe (right) and those in the second row correspond to the self-centering passive probe (left) and self-centering active probe (right). In the process of probing the points, a total of 28 spheres have been probed corresponding to seven different positions of the gauge in a quadrant of the AACMM workspace. From captured data we have analyzed the combined influence of the probing force and the probing direction in the final results with each probing system according to the gauge configuration.
Data capture setup
There are two ways to express the configuration of an AACMM as a function of the degrees of freedom of its articulations. The first one is to indicate, by means of three consecutive numbers, the degrees of freedom of the shoulder, elbow and hand articulations, respectively. The second one is by defining through a chain of letters each of the possible rotations of the articulations of the shoulder, elbow and hand. The AACMM used in the present work is a 7 DOF Platinum series FARO arm with a typical 2-2-3 configuration or a-b-c-d-e-f-g degrees of rotation (Fig. 1) , with a nominal value of semirange of ± 0.030 mm obtained in a single-point articulation performance test of the arm manufacturer.
A continuous data capture method has been used for the self-centering probes, and discrete capture has been used for active and passive spherical probes. The continuous capture technique allows the massive capture of arm positions corresponding to several points of the workspace. To this end, a ball-bar gauge of 1.5 m long was placed in 7 positions within the workspace of the arm in order to cover the maximum number of possible AACMM positions, to subsequently extrapolate the results obtained throughout the volume. Fig. 2 and Table 1 show the considered positions for the ball-bar in a quadrant of the workspace. The ball-bar comprises a carbon fiber profile and 15 ceramic spheres of 22 mm in diameter, reaching calibrated distances between the centers with an uncertainty, in accordance with its calibration certificate, of (1+0.001L) µm, with L in mm. In this configuration, 4 spheres of the ball-bar in each of the 7 positions considered are probed, materializing 6 distances between their centers. With passive and active spherical tip probes, around 25 points of the sphere surface have been captured in each measured sphere, while with the self-centering probes around 250 center points have been captured for each sphere (Fig. 3a) . For these probes, besides characterizing the performance of the arm relative to error in distances, its capacity to repeat measurements of the same point is also tested.
Hence, automatic arm position capture software has been developed to probe each considered sphere of the ball-bar and to replicate the arm behavior in the single-point articulation performance test, but in this case, to evaluate its repeatability. The rotation angle values of the arm joints for each position, reached in the continuous probing of each sphere, are stored to obtain the coordinates of the measured point with respect to the global reference system for any set of parameters considered. In this way, with the self-centering probes in contact with the sphere, it is possible to capture the maximum possible number of arm positions, thus covering a large number of arm configurations for each sphere considered. The centering of the probe direction with regards to the sphere center is ensured with the self-centering probes, making this direction cross it (Fig. 3b) for any orientation of the probe. Thus, it is possible to define in this case a probe with zero probe sphere radius and with a distance of 22 mm from the position of the housing to the center of the probed sphere, allowing direct probing of the sphere center when the three spheres or planes of the probes and the sphere of the gauge are in contact. The details of the design, kinematic modeling and calibration of the self-centering probes is described in [1] . 
Test and results
In the configuration presented for both groups of probes, results of distance errors between centers have been obtained for each of the 6 distances materialized in each of the 7 ball-bar positions.
Spherical tip probes
In the case of passive and active spherical probes, the centers of the spheres were obtained by means of the least squares method, using the captured surface points. This also allowed us to obtain both the distance from each probed point to the surface of the sphere and the standard deviation of this distance. In Fig. 4 the graph shows the error in distance between the centers of the ball-bar spheres obtained with the active spherical probe against the error in distance between the centers obtained with the passive spherical probe, relative to the distances calculated with the ball-bar. With regard to the error in distance, we can observe that the error made with the active probe is slightly smaller than that made with the passive probe, except in positions 5 and 6. However, it is important to mention that the errors are almost equal in all positions. Moreover, Fig. 4 shows that most of the final error obtained with the AACMM in the probing of the spheres is due to the measuring instrument itself with a very low influence of the probing system chosen in each case. The fact that we get almost the same error values in the same positions of the ball-bar with different probing systems strongly suggests that the error map shown in this figure is mainly associated with inadequate values of the kinematic model parameters, which leads to similar errors in the same positions of the measured sphere. On the other hand, it is noteworthy that the expected benefit a priori derived from the use of active probes is not associated with a lesser influence of the probing force, but simply with a more comfortable capture process. This makes the cost of the active probing system unjustifiable, compared to the traditional passive probing systems. 5 shows the difference between the distance errors of active spherical probe and those of the passive spherical probe in all 42 positions that were used. When a positive difference is obtained, the active spherical probe error is smaller and thus better than the active spherical probe, and vice versa when the difference is negative. 
Self-centering probes
In the case of the self-centering probes, the mean point of all the captured data for each sphere was considered as the center of the sphere probed (Fig. 3a) . Measured distances for each sphere in the 7 different positions were compared with the distances obtained with the ball bar gauge thus obtaining the error in distance (Fig. 6) , as well as the differences between the distance errors of the active spherical probe and the passive spherical probe in all 42 positions that were considered (Fig. 7) . A positive difference represents a smaller error in the active spherical probe and in that case this probe is considered to be better than the passive one. In the case of positions 3, 4 and 7, three spheres were not measured with the self-centering active probe (sphere 1 in position 3 and sphere 14 in positions 4 and 7)-because the arm was unable to properly reach these extreme positions with the active spherical probe mounted, so a value of zero was assigned in the graphs. From Fig. 6 , it can be observed that on average, the error made by the self-centering active probe was less than the one corresponding to the self-centering passive probe; the errors obtained with the active probe, when greater than those corresponding to the passive probe, can be associated to the AACMM as it approaches its workspace frontier. The three-dimensional distances between spheres were obtained calculating the Euclidean distance 
The repeatability error values for all measured points are shown in Fig. 8a and 8b , for the self-centering active probe and self-centering passive probe respectively. 
It can be observed that the error made by the self-centering active probe is much smaller than the error made by the self-centering passive probe and that in both graphs the error shows an increment in the z coordinate. This behavior in the z coordinate could be explained by the fact that, unlike what happens in the x and y coordinates, there is no self-compensation effect in the ball-bar deformation due to the probing force in this coordinate. Figure 9 shows the magnitude of the error vectors in the direction of the probing forces of every measurement on the sphere and the resultant of these vectors. As expected, the direction of the resultant vector (which is multiplied by a module 5 and in red) is downwards which as mentioned before is caused by lack of the self-compensation effect in the z coordinate. In Fig. 10 , the standard deviation corresponding to the 7 different positions in x, y and z for both types of probes is shown. As expected, the standard deviation in the self-centering active probe is smaller than that of the one obtained with the self-centering passive probe, except as mentioned earlier, in the positions were spheres were not measured and a value of zero was assigned in the graph. Another way of illustrating the influence of the probing direction over the probing error is by expressing the error magnitude in terms of the probed point reference system. Fig. 11a shows the reference system linked to the last articulation of the kinematic chain of the arm. By translating this reference system to the probed point as shown in Fig. 11b , we can express the error magnitude in terms of the probed point reference system. This is done for each of the probed points on the sphere. Figure 12 shows the values of the X, Y and Z coordinates expressed in the probed point's reference system for all the 10000 points obtained, corresponding to the 7 positions of the ball-bar with respect to the mean obtained for each sphere using the self-centering passive probe. As expected, since the probing direction is similar to the Y coordinate of the AACMM last articulation, the values in the Y coordinate are greater than those in the X and Z coordinates. This can be attributable to the probing force exerted by the operator over the measuring arm. For example, the values of the six articulations of the arm in position 1, when the maximum error exceeds .4 mm, are saved and shown in Fig. 13 . This is done by precisely knowing the maximum and minimum values of the articulations throughout the tests and then obtaining those articulation values when the error is greater than .4mm. In the present graph, the range for each articulation in the measuring process is represented by a horizontal line of the same colour of the sphere being measured. This value was determined by calculating the mean and one sigma of the standard deviation of the values of Fig. 12 ( 1   ).
Moreover, Table 2 shows the percentage range of angle values for any combination of angles that result in an error greater than .4mm. This way, we can analyze the distribution of the angles that result in an error and observe if there is any pattern in any combination of articulation values that correspond to an error greater than .4 mm. In this particular analysis, no pattern could be observed, so most of the probing error could be explained by the probing force. 
Conclusions
In this work, a comparison between four different probing systems applied to capturing data for parameter identification and verification of an AACMM is presented. Besides the probing systems traditionally used in the verification of an AACMM, self-centering probing systems with kinematic coupling configuration and self-center active probing systems have also been used for the same purpose. Such probing systems are very suitable for use in verification procedures and capture of data for parameter identification, because they drastically reduce the capture time and the required number of positions of the gauge used as compared to the usual standard and manufacturer methods. These systems are also very suitable for their capacity of capturing multiple positions of the AACMM for a single gauge position, so that the accuracy results obtained after a procedure of identification or verification are more generalizable than those obtained with the traditional probing systems.
The effect of auto compensation of the gauge deformation has been shown by properly defining the trajectories of capture or the direction of probing during the process of capturing data. Moreover, it has been demonstrated that the smallest influence of the probing force is obtained in the case of the self-centering active probe. In addition, an analysis of the influence of the probing force over the final error was done by means of the error's vector decomposition and by expressing this decomposition in the probed point reference system. Furthermore, as mentioned above, since the final error depends on the combined influence of all joints, with the presented analysis it is possible to determine on the one hand the influence over the error of the probing itself and the relationship of that error with the AACMM pose if there exists one, thus making possible to identify sets of joint angle values that lead to greater probing errors. Finally, the adequacy of the self-center active probes over self-center passive probes and spherical tip probes for tasks such as capturing data for verification and identification of kinematics parameters has been demonstrated when no configuration or application restrictions are imposed.
